We report on a study of neutron-rich nuclei around doubly magic 132 Sn in terms of the shell model employing a realistic effective interaction derived from the CD-Bonn nucleon-nucleon potential. The short-range repulsion of the bare potential is renormalized by constructing a low-momentum potential,V low−k , that is used directly as input for the calculation of the effective interaction. We present results for the four nuclei beyond the N = 82 shell closure 134 Sn, 134 Sb, 136 Sb, and 136 Te. Comparison shows that our results are in very good agreement with the experimental data presently available for these exotic nuclei. We also present our predictions of the hitherto unknown spectrum of 136 Sn.
Introduction
The study of neutron-rich nuclei around doubly magic 132 Sn is a subject of special interest, as it offers the opportunity for testing the basic ingredients of shell-model calculations, in particular the two-body effective interaction, when moving toward the neutron drip line. In this context, great attention is currently focused on nuclei beyond the N = 82 shell closure. The experimental study of these nuclei is very difficult, but in recent years some of them have become accessible to spectroscopic studies. It is therefore challenging to perform shell-model calculations to try to explain the available data as well as to make predictions that may be verified in a not too distant future.
On these grounds, we have recently studied [1] [2] [3] [4] [5] several nuclei beyond 132 Sn within the framework of the shell model employing realistic effective interactions derived from the CD-Bonn nucleon-nucleon (N N ) potential. 6 A main difficulty encountered in this kind of calculations is the strong shortrange repulsion contained in the bare N N potential V N N , which prevents its direct use in the derivation of the shell-model effective interaction V eff . As is well known, the traditional way to overcome this difficulty is the Brueckner G-matrix method. Instead, in the calculations mentioned above we have made use of a new approach 7 which consists in deriving from V N N a lowmomentum potential, V low−k , that preserves the deuteron binding energy and scattering phase shifts of V N N up to a certain cutoff momentum Λ. This is a smooth potential which can be used directly to derive V eff , and it has been shown 7, 8 that it provides an advantageous alternative to the use of the G matrix.
In this paper, we focus attention on 134 Sn, on the two odd-odd Sb isotopes 134 Sb and 136 Sb, and on 136 Te. The first and third nucleus with an N/Z ratio of 1.68 and 1.67, respectively, are at present the most exotic nuclei beyond 132 Sn for which information exists on excited states. We compare our results with the available experimental data and also report our predictions for low-energy states which have not been seen to date. We hope that this may stimulate, and be helpful to, future experiments on these nuclei. With the same motivation, we also present our predictions for the spectrum of the hitherto unknown 136 Sn with four neutrons outside 132 Sn, which makes an N/Z ratio of 1.72.
Following this introduction, in Sec. 2 we give a brief description of the theoretical framework in which our shell-model calculations are performed while in Sec. 3 we present results and predictions for the nuclei mentioned above. Some concluding remarks are given in Sec. 4.
Outline of theoretical framework
The starting point of any realistic shell-model calculation is the free N N potential. There are, however, several high-quality potentials, such as Nijmegen I and Nijmegen II, 9 Argonne V 18 , 10 and CD-Bonn, 6 which fit equally well (χ 2 /datum ≈ 1) the N N scattering data up to the inelastic threshold. This means that their on-shell properties are essentially identical, namely they are phase-shift equivalent. In our shell-model calculations we have derived the effective interaction from the CD-Bonn potential. This may raise the question of how much our results may depend on this choice of the N N potential. We shall comment on this point later in connection with the V low−k approach to the renormalization of the bare N N potential.
The shell-model effective interaction V eff is defined, as usual, in the following way. In principle, one should solve a nuclear many-body Schrödinger equation of the form
with H = T + V N N , where T denotes the kinetic energy. This full-space many-body problem is reduced to a smaller model-space problem of the form
Here H 0 = T + U is the unperturbed Hamiltonian, U being an auxiliary potential introduced to define a convenient single-particle basis, and P denotes the projection operator onto the chosen model space.
As pointed out in the Introduction, we "smooth out" the strong repulsive core contained in the bare N N potential V N N by constructing a low-momentum potential V low−k . This is achieved by integrating out the high-momentum modes of V N N down to a cutoff momentum Λ. The integration is carried out with the requirement that the deuteron binding energy and phase shifts of V N N up to Λ are preserved by V low−k . A detailed description of the derivation of V low−k from V N N as well as a discussion of its main features can be found in Refs. 7 and 11. However, we should mention here that shell-model effective interactions derived from different phase-shift equivalent N N potentials through the V low−k approach lead to very similar results. 4 In other words, V low−k gives an approximately unique representation of the N N potential.
Once the V low−k is obtained, we use it, plus the Coulomb force for protons, as input interaction for the calculation of the matrix elements of the shell-model effective interaction. The latter is derived by employing a folded-diagram method, which was previously applied to many nuclei using the G matrix. 12 Since V low−k is already a smooth potential, it is no longer necessary to calculate the G matrix. We therefore perform shell-model calculations following the same procedure as described for instance in Refs. 13 and 14, except that the G matrix used there is replaced by V low−k . More precisely, we first calculate the so-calledQ-box 15 including diagrams up to second order in the two-body interaction. The shell-model effective interaction is then obtained by summing up theQ-box folded diagram series using the Lee-Suzuki iteration method. 16 
Calculations and results

In our calculations we assume that
132 Sn is a closed core and let the valence protons occupy the five levels 0g 7/2 , 1d 5/2 , 1d 3/2 , 2s 1/2 , and 0h 11/2 of the 50-82 shell, while for the valence neutrons the model space includes the six levels 0h 9/2 , 1f 7/2 , 1f 5/2 , 2p 3/2 , 2p 1/2 , and 0i 13/2 of the 82-126 shell. As mentioned in the previous section, the two-body matrix elements of the effective interaction are derived from the CD-Bonn N N potential renormalized through the V low−k procedure with a cutoff momentum Λ = 2.2 fm −1 . The computation of the diagrams included in theQ-box is performed within the harmonic-oscillator basis using intermediate states composed of all possible hole states and particle states restricted to the five shells above the Fermi surface. The oscillator parameter used is ω = 7.88 MeV. As regards the single-particle energies, they have been taken from experiment. All the adopted values are reported in Ref. 1. In Fig. 1a) we compare the calculated spectrum of 134 Sn with the available experimental data while in Fig. 1b) we show the calculated spectrum of the hitherto unknown 136 Sn up to about 1.8 MeV. From Fig. 1a ) we see that while the theory reproduces very well all the observed levels, it also predicts, in between the 6 + and 8 + states, the existence of five states with spin ≤ 5. Clearly, the latter could not be seen from the γ-decay of the 8 Fig. 2 we show the energies of the first eight calculated states, which are the members of the πg 7/2 νf 7/2 multiplet, and compare them with the eight lowest-lying experimental states. The wave functions of these states are characterized by very little configuration mixing, the percentage of the leading component having a minimum value of 88% for the J π = 2 − state while ranging from 94% to 100% for all other states. We see that the agreement between theory and experiment is very good, the discrepancies being in the order of a few tens of keV for most of the states. The largest discrepancy occurs for the 7 − state, which lies at about 130 keV above its experimental counterpart. It is an important outcome of our calculation that we predict almost the right spacing between the 0 − ground state and first excited 1 − state. In fact, the latter has been observed at 13 keV excitation energy, our value being 53 keV.
An analysis of the various terms which contribute to our effective neutron-proton interaction has evidenced the crucial role of corepolarization effects, in particular those arising from 1p − 1h excitations, in reproducing the correct behavior of the multiplet. A detailed discussion of this point can be found in Ref. 2 .
As regards 136 Sb, with two more valence neutrons, its ground state was identified as 1 − in the early β-decay study of Ref. 19 while the spectroscopic study of Ref. 20 led to the observation of a µs isomeric state, which was tentatively assigned a spin and parity of 6 − . Very recently, 5 new experimental information has been obtained on the µs isomeric cascade, leading to the identification of two more excited states. This achievement is at the origin of our realistic shell-model calculation for this nucleus, 5 whose results we are now going to present. In Fig. 3 , we show the four observed levels together with the calculated yrast states having angular momentum from 0 − to 7 − , which all arise from the πg 7/2 ν(f 7/2 ) 3 configuration. These states may be viewed as the evolution of the πg 7/2 νf 7/2 multiplet in 134 Sb. From Fig. 3 we see that the agreement between theory and experiment is very good, the largest discrepancy being about 70 keV.
An important piece of information is provided by the measured half life of the 6 − state, from which a B(E2; 6 − → 4 − ) value of 170(40) e 2 fm 4 is extracted. Using effective proton and neutron charges of 1.55 e and 0.70 e, respectively, we obtain the value 131 e 2 fm 4 , which compares very well with experiment. It is worth mentioning that these values of the effective charges have been consistently used in our previous calculations for nuclei in the 132 Sn region. Finally, we turn to the two-proton, two-neutron nucleus 136 Te, which in recent years has been the subject of great experimental and theoretical interest. [21] [22] [23] [24] Particular attention has been focused on the first 2 + state, which shows a significant drop in energy as compared to 134 Te, and on the B(E2; 0 + → 2 + ) value, recently measured using Coulomb excitation of radioactive ion beams. From Fig. 4 we see that also in this case the calculated spectrum reproduces very well the experimental one.
As regards the B(E2; 0 
Concluding remarks
We have presented here the results of a shell-model study of neutron-rich nuclei, focusing attention on the four nuclei 134 Sn, 134 Sb, 136 Sb, and 136 Te, with an N/Z ratio of 1.68, 1.63, 1.67, and 1.61, respectively. We have also presented our predictions for the spectrum of the hitherto unknown 136 Sn with four neutrons outside 132 Sn, which makes an N/Z ratio of 1.72. In this connection, it may be recalled that the N/Z ratio of the last stable Sn isotope, 124 Sn, is 1.48. In our study we have made use of a realistic two-body effective interaction derived from the CD-Bonn N N potential, the short-range repulsion of the latter being renormalized by use of the low-momentum potential V low−k . It is worth emphasizing that no adjustable parameter appears in our calculation of the effective interaction.
We have shown that all the experimental data presently available for these nuclei are well reproduced by our calculations. These data, however, are still rather scanty and we hope that our study may stimulate further experimental efforts to gain more spectroscopic information on exotic nuclei around 132 Sn.
